INTRODUCTION {#s1}
============

Motor learning is a series of processes associated with practice or experience leading to relatively permanent changes in the ability of skilled performance. Feedback is information about the difference between a target value and actual performance, which promotes learning. Currently, feedback is considered to have both intrinsic and extrinsic components. The intrinsic feedback is directly perceptible by the learner as a result of an action. The extrinsic effect comes from information returned to learners by artificial means. One example of an extrinsic feedback is "knowledge of results (KR)," which is information about the success of action to the goal, provided by a third party through language.

In previous studies, the effectiveness of high-frequency KR (100% KR) and relatively low-frequency KR (10--67% KR) protocols have been compared in various tasks and participants. It has been generally recognized that a reduced relative frequency of KR promoted motor learning more effectively than a high relative frequency in healthy participants[@r1],[@r2],[@r3],[@r4]^)^. Recently, some papers targeting persons with cerebral palsy and Parkinson's disease who may have impaired motor cortex activity demonstrated that reducing KR frequency can enhance motor learning, similar to what has previously been found for unimpaired participants[@r5], [@r6]^)^. It has been suggested that learners in high-frequency KR experiences depend on external feedback information too much[@r2], [@r7],[@r8],[@r9]^)^, whereas those in reduced relative frequency KR environments perform greater active information processing without overly depending on external KR feedback.

Apart from the frequency of KR, the concepts of faded KR and bandwidth KR have also been discussed with regard to effective motor learning. Faded KR is a way to give KR at a relatively high frequency in the initial practice phase and then gradually decreasing it as practice progresses. In the report of Nicholson & Schmidt[@r3]^)^, a faded KR group and also a reverse-faded KR group were compared in a spatial-temporal patterning task. There was no significant difference just after the acquisition phase; however, the faded KR group showed fewer errors in the retention test after 24 h. This result suggests that a training program involving gradually decreasing pattern of KR may be useful for motor learning. Unfortunately, at this point, there have been few studies comparing the effectiveness of programs that provide a low frequency of KR at a constant rate versus those that use a faded KR schedule. Also, most previous studies have performed retention tests only after 24 h, and the longer-term learning effect after this point has not been established.

We speculated that a faded KR protocol may have a relatively high learning effect, and the purpose of this study was to rigorously investigate this hypothesis. We proceeded by comparing the effectiveness of 100% KR, 50% KR, and the faded KR approaches as applied to an isometric contraction adjustment task of shoulder joint flexion muscles. We investigated the effect of each of these three methods for up to 2 weeks after the acquisition phase.

PARTICIPANTS AND METHODS {#s2}
========================

Forty-six healthy adults (19 males and 27 females; mean age=21.8 ± 2.7 years) took part in this study. All were right handed and had no prior experience with the experimental task. This study was approved by the Ethics Committee of Fujita Health University (Approval No. HM14-103), and informed consent was obtained from all participants.

The task was to adjust the isometric strength of the left shoulder joint flexion muscles to a particular level. Participants were positioned supine on a stable treatment table, and a manual dynamometer (μTas F-1, Anima Corp., Tokyo, Japan) was used to measure the isometric strength they generated. Participants were asked to place elbows extended at 0° on both sides and to place the forearms on both sides in a slightly pronation position. They were then instructed to perform isometric contraction of the shoulder flexion muscles at the shoulder joint with a flexion 0 degrees. As a base measurement, the maximum isometric voluntary contraction of the shoulder flexion muscle was measured three times by the manual dynamometer. The average of the three maximum efforts value was defined as the maximum voluntary contraction (100% MVC).

[Figure 1](#fig_001){ref-type="fig"}Fig. 1.The flow of the experiment. shows the flow of the experiment. A pretest was conducted before data acquisition with no KR. A target value was then set at 60% of the maximum value (60% MVC), and explained to the participants, who were instructed to produce this target level of isometric strength for 5 s.

The participants were randomly assigned to one of the three acquisition groups: 15 participants in a 100% KR group (6 males and 9 females), 15 in a 50% KR group (6 males and 9 females), and 16 in a faded KR group (7 males and 9 females). Participants then practiced the isometric contraction of the left shoulder flexion muscles, attempting to achieve the 60% MVC target value, 20 times at intervals of 10 s. This practice was continued over for four days. The 100% KR group received KR on every trial. The 50% KR group received KR 10 times alternately over 20 sessions. The faded KR group received 100% KR at the first day, 75%KR at the second day, 50% KR at the third day, and 25% KR in the fourth day ([Table 1](#tbl_001){ref-type="table"}Table 1.Knowledge of results (KR) scheduleTrial1234567891011121314151617181920100% KR1st--4th days○○○○○○○○○○○○○○○○○○○○50% KR1st--4th days○-○-○-○-○-○-○-○-○-○-Faded KR1st day○○○○○○○○○○○○○○○○○○○○2nd day○○○-○○○-○○○-○○○-○○○-3rd day○-○-○-○-○-○-○-○-○-○-4th day○\-\--○\-\--○\-\--○\-\--○\-\--○ : KR - : no KRAll participants practiced 20 trials a day for 4 days. The 100% KR group received KR on every trial. The 50% KR group received KR 10 times in each day. The faded KR group received KR in a frequency that gradually decreased from 100% on the first day to 25% on the fourth day.).

The posttest was held immediately after the data acquisition session on the fourth day. In this event, participants were instructed to perform the 60% MVC of the isometric shoulder joint flexion with no KR.

Retention test 1 was taken on the next day. Retention tests 2 and 3 were conducted at 1 and 2 weeks after the acquisition, respectively. In retention tests 1, 2, and 3, participants were instructed to perform the 60% MVC of the isometric shoulder joint flexion with no KR.

We calculated the difference of the absolute value between the actual value produced by each participant and the 60% target value, which we defined as the "absolute error." The mean absolute error of each test was used in our statistical analyses. Differences between the pretest and the other tests of each group were analyzed using a paired t-test. Differences between the 100% KR, 50% KR, and faded KR groups of each test were analyzed using the Kruskal-Wallis H-test. For all statistical analyses, we utilized SPSS Statistics, version 24 (SPSS Inc., Chicago, IL, USA).

RESULTS {#s3}
=======

The average value of the maximum voluntary contraction (100% MVC) of the isometric shoulder flexion was 180.3 ± 79.5 N, 165.3 ± 79.0 N, and 151.4 ± 53.8 N for the 100% KR, 50% KR, and faded KR groups, respectively. Therefore, the average target values, which represent 60% MVC, were 108.2 ± 47.7 N, 99.2 ± 47.4 N, and 90.8 ± 32.3 N. [Table 2](#tbl_002){ref-type="table"}Table 2.The mean and standard error (SE) of the actual values in the pretest, posttest, and retention testTarget valueActual valuePretestPosttestRetention test 1Retention test 2Retention test 3100% KRMean (N)10896.0115120122119SE12.313.714.214.715.214.550% KRMean (N)99.2106104101108113SE12.112.910.912.713.415.2Faded KRMean (N)90.882.893.194.098.3103SE8.17.77.87.27.68.9Target value was set at 60% of the maximum voluntary contraction (100% MVC). Refer to [Figure 1](#fig_001){ref-type="fig"} for the schedule of the experiment. shows the mean and standard error of the target values and the actual values in the pretest, posttest, and retention tests. Mean absolute errors of individual groups are shown in [Table 3](#tbl_003){ref-type="table"}Table 3.The mean and standard error (SE) of each absolute error in the pretest, posttest, and retention testsPretestPosttestRetention test 1Retention test 2Retention test 3100% KRMean (N)17.09.216.420.923.7SE3.92.74.45.55.150% KRMean (N)21.010.611.416.320.9SE4.02.21.94.63.7Faded KRMean (N)20.75.711.212.114.6SE3.41.42.52.33.2. Absolute errors in the 100% KR, 50% KR, and faded KR groups did not show any statistical differences in pretest, posttest, and retention tests using Kruskal-Wallis H-test.

In the faded KR and 50% KR groups, the absolute error was significantly smaller in the posttest than in the pretest (p=0.001 and p=0.016, respectively). On the other hand, in the 100% KR group, there was remarkably no significant difference between pretest and posttest. The errors in the faded KR group of retention tests 1 and 2 were significantly smaller than that in the pretest (p=0.045 and p=0.039, respectively). On the other hand, in the 100% KR and 50% KR groups, there was no significant difference between the pretest and the retention tests.

DISCUSSION {#s4}
==========

In this study, we examined the effect on motor learning using an isometric contraction adjustment task of the shoulder joint flexion muscles in the 100% KR, 50% KR, and faded KR groups. We found that the 50% KR and faded KR groups obtained significantly better performance after practicing 20 trials for 4 days. However, only the faded KR group showed a retention effect up to 1 week after the acquisition. Therefore, our current study showed that faded KR and 50% KR have a more immediate positive effect compared with a 100% KR protocol and that of the three alternatives examined here, the faded KR program has the most retention effect on motor learning in an adjustment task of flexion strength of the shoulder joint.

Previous studies have usually focused only on the different outcomes between high (100%) and relatively low-frequency KR protocols. For example, Butki & Hoffman compared 100% KR and 50% KR protocols using a golf putting task. In the acquisition phase, participants performed 96 trials and those receiving 100% KR performed significantly better than the 50% KR group. However, in the retention test after 24 h, the 50% KR participants had better performance than those in the 100% KR group[@r10]^)^. In another study, Ishikura compared 100% KR and 33% KR protocols also using a golf putting task. In acquisition, participants performed 60 trials, and the error was significantly lower in the posttest than in the pretest for both the 100% KR and 33% KR protocols. However, in the retention test after 24 h, the 33% KR participants were more accurate than those who received 100% KR[@r4]^)^. Thus, 100% KR appears to enhance acquisition performance compared with low-frequency KR, whereas the 100% KR system is inferior to low-frequency KR in retention tests[@r11],[@r12],[@r13],[@r14]^)^. The reason for this difference is currently unknown. However, the results of several previous studies suggest that learners perform more active information processing without depending on KR when reduced relative frequency KR is provided. Moreover, in such environments, performance is not over-corrected[@r3], [@r11]^)^.

In our current study, there was no significant improvement of performance when using 100% KR at acquisition. The number of trials was 30 to 108 per day in the acquisition phase[@r1], [@r5], [@r15]^)^, whereas the number of trials per day was as small as 20 in the practice phase in this study. This may be a reason why the improvement in performance after practice was not obtained for the 100% KR group in this study. As in previous investigations, our current study found no significant improvement in the performance of retention tests when using the 100% KR protocol, meaning that there seems to be a less permanent learning effect resulting from a 100% KR training. This is perhaps because participants depended on KR too much and processed less intrinsic feedback.

In faded KR trainings, participants are initially given KR at a relatively high frequency, which then gradually decreases as practice progresses. To our knowledge, there have been only a very few previous reports comparing a faded KR method with any other approach[@r1], [@r3], [@r16]^)^. Earlier studies on faded KR have performed retention tests only up to 24 h, and therefore, a long-term learning effect has not been established. In addition, previous studies, except for one paper, only compared faded KR to 100% KR. The outlier was a study by Nicholson and Schmidt, which compared faded KR, reverse-faded KR, and 50% KR in a spatial-temporal patterning task. They found no significant differences in results regarding initial acquisition, but faded KR showed the best performance in the retention test after 24 h, and at that point, the reverse-faded KR approach was significantly inferior to all the other groups[@r3]^)^.

In our current study, the error of the faded KR group was significantly reduced, compared with the other two protocols, for up to 2 weeks after acquisition. Therefore, it appears that the error for the faded KR group tends to be smaller than those for the other groups in the retention tests because the learning effect is maintained longer. Together with the study by Nicholson and Schmidt, the evidence suggests that learning progress may become effective without depending on KR toward the end of the learning process.

In conclusion, the present study has demonstrated that the accuracy of performance is improved in 50% KR and faded KR protocols and that the improvement of skill is likely to last longer in the faded KR program of training. That is, a faded KR strategy appears to be best for motor learning.

The acquisition schedule of most previous studies only encompassed 1 day, the retention effect was followed up for only 24 h, and the participants were often healthy adults. However, from the perspective of improving rehabilitation therapy, tests of effectiveness with longer retention periods should be undertaken with patients who actually need rehabilitation intervention. In our current effort, the participants practiced acquisition for four consecutive days and the practice effect was investigated for up to 2 weeks. In the future, it would likely be productive to investigate the effects of various types of KR over even longer periods, in not only healthy individuals but also utilizing patients receiving a variety of rehabilitation interventions.
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